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PIC Simulation: A Powerful Tool for Studylng Ccﬂhsmnless Shocks
Tristan-MP PIC code [Buneman 1991; Spitkovsky 2005] '

Field Solver: : ion:
o 4_n] K ' op E B Field Interpolatloln.
c c ot ' F; =qi(E(ri)+EviXB)
oy g LOB e o Particle Push:
c Ot P

Non-relativistic: Boris Scheme

1
v =" + L E"2
m

vt = Rotation of v~ by B"*1/2

IE 3

Current Deposition:
J = 2q;v;S(r — 1)

p+l = pt 4 L gn+1/2
m

Charge Conservation: Zigzag/Esikepov

Relativistic: Vay Scheme

Tristan-MP is parallelized by MPI



Tristan-MP optimization: Multi-threads and Vectorization . wang a s

80% computing time spend on particles, current deposition costs 60%.

Improve performance of current deposition is key!
Parallelize particles by OpenMP —Time formuli Treeds_____

Data writing conflicts Good scaling

for2,4,8,12

use ATOMIC to prevent threads.

Vectorize Current Array Elements

curx(i, j) curx(i, j+1) curx(i, j) curx(i+1, j)
¢ 4 3.5x speed up
curx(i+1, j)‘ d curx(i+1, j) INn current depos
curx(i, j+1)  curx(i+1, j+1) == No-Vec

Reorder and vectorize the array elements

- curx(j*ix+i+1) curx(j*ix+i+2) curx(j*ix+i+3) -

then using SIMD

nnnnnnnnnnnnnn



How Collisionless Shocks Work

Collisionless plasma flows
0O

o

Coulomb mean free path is large

For low initial B field, particles
are deflected by self-
generated magnetic fields
(filamentation/Weibel
instability)

Experiment by laser: Fox et. al 2013,

Weibel mediated
| density flaments
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Do ions pass through without creating a shock?

- |
\\00
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Huntington et. al 2015

For large initial B field,
particles are deflected by
compressed pre-existing fields

measurement of density compression
through shadowgraphy (Schaeffer et. al
2017)

Magnetic field
mediated shock

»




n of Unmagnetized Shock
[Spitkpvsky, 2007]
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Formation of contact discontinuity

Bx / B x0 p / ,0 0
50 ‘ r r Gy — =
~ 2.8 Al 4.0
Ly 24 0 FRE 3.5
3 20 LA 3.0
NG 30 i, 30 "'-‘..‘ Zz
i .
\L)/ 20 1.2 - 20 5 15
> 0.8 L 1.0
v 0.4 v :f | 0.5
40 60 R0 00 0 T 00 w0 o T 00
x(c/ Wpe) e)
4 T T T T 4 T T
— piston
o —
o S —n
~ E 2
=
Q 0
0 0 10 ) an 100 120 o 120 0
x (¢/wpe)
0.2 . : . ‘
e®s piston R e
2 b
;R 0.1 . B C
c 2
O .
=00 O
Q
(D)
—01g 0 0 ) ) 100 o T 035 g i 50 A 00 0 10
X (C/wpe) X (c/wpe)

Formation of contact discontinuity: B field is compressed by piston;
background ions and electrons are reflected;
piston and background are separated.




Shock in lon f}rst gyration:
Bx BxO

. electron v,

120 140

0 10

X (c/wpe)
Shock in lon first gyration: magnetic overshoot;
background ions are in the first gyration;

x (¢/wpe)




FuIIy formed shock:

x/BxO

. electron v,

K(c/ape) )
Fully formed Shock: shock becomes thicker ;
background ions show several gyrations;
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Magnetized Shock Campaigh on Omega-EP Laser:
Principle and Target Configuration

We study magnetized shock formation by driving a fast ablated
piston plasma into pre-magnetized background plasma.



Piston Driven Shock Experiment on Omega-EP Laser: BE
Diagnostic View and Proton Radiography
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I.* Proton caustic enhan

Features in radiography: “‘ .
* Trapezoid Distortion
 Moving Proton deficit region followed by caustic
e Evolution of thickness of proton deficit region

* Tilted proton deficit region and caustic



I.* Proton caustic enhan
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Trapezoid distortion: estimation of

the external B Field
B-off: No Trapezoid Distortion

Awd ICIIL W % |
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(pixel)

2.1
logioN,

Model trapezoid distortion and the distances of pegs:
External B (MIFEDS) is about

log1oNy
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I.* Proton caustic enhan
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* Trapezoid Distortion

 Moving Proton deficit region followed by caustic
e Evolution of thickness of proton deficit region

* Tilted proton deficit region and caustic



The moving feature indicates a propagating compressed
B field. The feature is ~450 km/s, n, = 1017 —
1018 cc, Amgp = 2cm > Diameter of Coll
Collisionless condition achieved!
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Caustic Proton Deficit

(}]

B/BO

Compressed B

Proton deficit region:
Increasing B (from right to left)
Proton caustic enhancement:
Decreasing B




B /By

-9
—0.30

w/o overshoot the proton deficit region
is separated from the caustic.

With overshoot the caustic follows the
proton deficit region.

—0.15 V”(cmf‘l'i 0.30 =25 y’: (cm 0 —0.5

Magnetic overshoot in the experiment!
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Simulated Proton Radiography
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Signature of Strong Magnetized Shock: Magnetic Overshoot
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7 ® High Mach number shocks undergo periodic reformation in the
] first ion loop

f::_m- — wt=09 . . . . i
oy — =12 e Reformation leads to periodic extra magnetic compression
3003 02 i1 0.0 0.1 0.2

x (em)

(overshoot), proportional to Ma

e Periodic enhancement of compression leads to narrowing of
proton deficit region

e We observe thinning of the deficit region later in time — this
constrains the Mach number to be Ma > 8

proton density




2-D PIC vs. Ex(g)grltmzen’g
ns
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Features in radiography: “‘ .
* Trapezoid Distortion
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3-D PIC: Experiment Configuration
x: coil axis
y: shock propagating
Z:. proton flying

g%

expansion of ablated DENRISSIAS

PIC vs Data: Geometry Effect expansion of ablated QISIORNRISSIAS
B/B P/Po Density gradient: nonSYRMERCICOMBIESSION
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The tilted proton caustic feature is caused by and curvature of magnetic field
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Proton Radiography in Expgrim@@;s,.

3ns |

top peg

Features in radiography tell usiasess = e == 5,

* Trapezoid Distortion: External B field is 7~8 T. ' e,

» Moving Proton deficit region followed by caustic: = The formation of 3
Compressed magnetic field with magnetic overshoot :

» Evolution of thickness of proton deficit region: — == high Mach number
A strong magnetic overshoot G magnetized shock!

* Tilted proton deficit region:
Background density gradient and B-field curvature



Conclusion:

The experiment generates a piston-driven collisionless shock in
a magnetized background plasma.

The proton radiography shows a moving compressed magnetic
field with speed of 450km/s.

The proton-deficit-region narrowing indicates a strong magnetic
overshoot and constrains the

The 3-D PIC simulations explain well the tilted proton-deficit and
caustic feature.



3-D Gyrokinetic Electron and Fully Kinetic lon (GeFI) Particle
Simulation of Current Sheet Instabilities

Motivation: Magnetic Reconnection

AT

A CME event in the solar atmosphere (SDO, NASA) Reconnection in magnetosphere (MMS, NASA)

™

Laboratory experiment in MRX

Pulsar wind Nebulae (NASA)



Current Sheet Instabilities

* Current sheet instabilities mediate the onset of magnetic reconnection, e.g.,
plasmoids formation, turbulence, and current sheet disruption.

* The current sheet instabilities 1n lower-hybrid frequency range are thought to

introduce the turbulences|Che 2017, Mufioz and Biichner 2018]. Observations and

experiments found lower-hybrid frequency waves in reconnection region [Zhou
et al. 2009, Carter et al. 2001, Ji et al. 2004, Khotyaintsey ef al. 2016, Ergun et al. 2016, Zhou

et al. 2016, Wilder et al. 2016]. 3-D PIC simulations showed the
in the lower-hybrid frequency range [Le et al. 2018, Mufoz and
Biichner 2018]. The studies motivate us to survey the current sheet instabilities.

* Lower-hybrid-drift instability [Daughton 2003] and Buneman instability [Yoon and
Lui 2008] had been found 1n lower-hybrid frequency range. In this study, we use
gyrokinetic electron and fully kinetic 1on (GeF1) particle simulation code to
systematically survey the current sheet instabilities under a broad range of
guide magnetic field with the realistic 10n-to-electron mass ratio.



The Necessity of Developing Gyrokinetic Electron
and Fully Kinetic Ion Particle Scheme

* In both space and laboratory plasmas:

Reconnection involves a wide range of spatial and temporal

scales.
low-frequency MHD =—— lower-hybrid/whistler
electron Larmor radius = system size

* Fully kinetic explicit PIC simulations have been used to study
reconnection and made significant progresses, but often with a reduced
1on-to-electron mass ratio to accommodate available computing resources.

Fully kinetic explicit PIC models resolve high frequency gyromotion of
electrons and thus need a timestep smaller than electron gyrofrequency.

In many low-frequency (w < (),) problems, resolving electron
cyclotron motion is not necessary.




In the GeFi Model [Linetal., 2005,2011]

* Electrons are treated as gyrokinetic (GK) particles, and 1ons are
treated as fully kinetic particles.

* The rapid electron cyclotron motion is removed while finite
Larmor radius effects are retained.

* Because electrons and 1ons are on the equal footing, the GeFi
scheme allows a larger time step (~(),) and can handle a
realistic 10n-to-electron mass ratio.

* Speed up: in some test cases, GeF1 can be 20~50 times faster
than the fully kinetic explicit 6f particle simulation scheme.



« This work: Use GeFi particle code [Lin et al., 2005, 2011] to
Investigate current sheet instabilities with:
a wide range of Bg;
realistic mass ratio m;/m.;
full 3-D space.

« To validate GeFi scheme and code, the GeFi results are compared
with the fully kinetic §f particle simulations and GK analytic eigen
theory [Tummel et al., 2014].




2. GeFi Simulation Scheme

Gyrokinetic formulation requires system must obey the
GK ordering,

® Ll oo 8B
o, L e T
kipe ~ 1.

where L 1s the macroscopic background plasma scale length, 0B
1s the perturbed magnetic field on the microscopic wave scale
lengths, and ¢ is a smallness parameter.



2.1 Particle advance
Fully kinetic 1ons 1n 6-D phase space (X, v):
ofi . dfi . Of; (1)

— + - +p; - — =0,
ot i ox; Py ap; '

Adopting the PIC scheme, the evolution of f, is determined by ion equation of motion:

d
Epi = —qiV(¢p —v; - AJc), (2)
d
q; % = vi = (pi — qid/c)/mi, (3)

The number density and current density are obtained from the velocity moments of f::

(4)
ny = fﬁ d*v = Zﬁ(l‘ —X;),
J

Ji= f}i/’l’ﬁ d’v =g, Z’E’jﬁ(l‘ —X;) (5)
J




Gyrokinetic electrons in 5-dimensional space (I_?: v, 1):

GK equations of motion [Frieman and Chen, 1982; Hahm, Lee, and
Brizard, 1988; Brizard, 1989]:

de - -

= [qe (V™) + uVB], (6)
].R - -

o = b q:éb x [9c(V™) + 1V B )

p~m.v.tq.A//c, R s the gyrocenter position, p is the magnetic moment,

b*=b+(ve“/Qe)b><(b0V)b, b=B/B, b=B/B, B=B+ 0B, B is the averaged magnetic field,

OB=Vx A, ¢'= ¢-veA/c, ¢ and A are scalar and vector potentials, and <...> means

gyro-averaging.



2.2. Field Calculation:

to solve vector and scalar potential A and ¢, we need to obtain electron

moments 1n particle-phase space.
Under nonlinear GK formulism, the electron distribution function can be written as

f = f+‘3¢’8f+r (3G). ©)

where f is the background distribution function in the gyrocenter coordinates and
Tg_1 = exp(p - V) is the pull-back operator from gyrocenter coordinates to

guiding-center coordinates.

Eq. (9) can be further written as

E_f I:‘;b_TE_I{Tg (@_l-ﬂ.Al))}_l_TE_lFl (10)
m dw s C =

Substituting (10) into n, = [ fd3v, the electron density n, can be expressed as

ne =& d?’v(aﬁ*)[ (8 + o A)] - (Ne). an

Me dw




Substituting (11) into Poisson’s equation, assuming |V 2[>>| VIIZL
generalized GK Poisson's equation:

Dpe \ o2 _ 8By
| + E Vig +43'T”efi'e? = —4m(gini + qe(Ne)), (12)
¢

where 71, 1s the spatially averaged n,, <N_> 1s electron gyro-
averaged guiding center density.

Note that, for the first time, the fast-mode compressional/whistler
waves are included 1n the Poisson’s equation of a GK particle
model by 6B, term.




To calculate 6B, the electron force balance equation

1
V- (negeE) =V - [v-ﬂ: — —J. x B} , (13)
.

1s used, where

_ B 1--
P, = (ﬁuqup; Vi + 2ﬁun?') (I . Ebb) +(P,).

(P,) = f mevvF. dv, (gyro-averaged guiding center moment)
Define a scalar function W as

_ (1+p.)B3B
- 4

Y

— igi(1+ p;V1)p. (14)
The force balance equation can be expressed as

1
v?mz—v-(v-Pg+—;ixB) (15)
:



Expressing 0B, in terms of y, the GK Poisson’s equation finally is

-1 -7

_ o, Wy - 47 niq;

1+ 8. + _p? E — _—I; ¢ = —4mw |:|[1 + Be)(gini + qe(Ne)) — _qu ‘I’:I . (16)
€22 Vi B

Where w,; and V, are the background ion plasma frequency and the Alfven speed.

We solve equations (15) and (16) by iterations to completely
determine ¢, and OB,

Then calculating A, decompose AasA = A, + A"B + V& The Coulomb gauge
1s used.

A, is determined by the perpendicular Ampere’s law,

4
c

VA, =——J|. (17)

Wlth]J_ = (C/4TL')V X 6B||.




The A 1s given by the following parallel Ampere's law:

. 47
(vl _ {_—T;) A = —;(dﬁ” +(J))- (18)

<J,> 1s the electron gyro-averaged guiding center p-current.

Finally, V & 1s determined by the Coulomb gauge,

ViE =—V-(Ab) (19)

Equations (17) and (18) completely determine A.
Eqg. (19) ensures the Coulomb gauge.

In this study, we calculate the current sheet instabilities
by using the linearized of and nonlinear of scheme.



2.4 Benchmark of GeFi code

Comparison of GeF1 results with
Fully kinetic (FK) theory results and FK particle simulation results

1. GeF1 results vs. FK theory

—— FK theory
0 GeFi simulation
- MHD

N 150 - k,/k,=0.2

Lower-hybrid Brunch

Kinetic-Alfven Brunch




2.5 GeFiresults vs. Explicit FK results

Explicit fully kinetic (FK) §f particle scheme

dv ¥ qvt‘t

Particle equation of motion: - = 7 —Va % Bo,
1 M

e . AW, , Olnf,
Calculating distribution Function: o= (0 + ? x 0B) - Gif ?

Wo =6f/Fa

. . 18
Field Calculation: V x 0E = —;Ec‘iB,

V x 6B = 4—?{6.] + liéE?
c c Ot

Current deposition: 0J = [ vaéfadva.

Charge conservation: Solving Poisson’s Equation 1n specific time-step



Lower-hybrid Waves in Uniform Plasmas
GeF1 vs. FK explicit

100

i
80_ ..'.-F'.' 4
- -
< 6ol 4 kn/k1=0.06
3 {f-'
40 t }:} - & =FK Explicit| |
$ GeFi
20

2 o 6 8 10 12 14



2.6 GeFi results vs. Darwin code results

Implicit fully kinetic Darwin full particle scheme [Neilson 1972, Swift 1986]

Darwin approximation: removes radiative terms while keeping charge conservation

Particle Hamiltonian equations of motion (1implicit form):

dp; q; q; |

= A)-(pj— =A) —q;V¢ D.1

dt 'm,jr;(v )+ (P, c ) =4V (D.1)
d}(j o ]_ qj

@ PN (D2)

J

Charge and Current Density:

p= Z (o (D.3)
o 7
J= Z o < Pa > —(Z o)A (D.4)

<P~ = ijjS(x — xj) and n,= ZjS(x — xj) are canonical
momentum and density on grids.



Implicit fully kinetic Darwin full particle scheme

Insert p and J into EM field equation. Calculating the scalar and
vector potential are

Vi = —Am ) dane (D.5)
- Am q dar q- 1_ 9
A = TN e AT ST e 8 LG99y D)
v ¢ 0—:2'.9”"’&” SPa= T (r;p mn”') N f.‘.v(ﬂt)

By using Coulomb gauge, a—(f can be obtained by
‘G"“"(&M) =4 Z V- (ng < pa =) 4W(Z { Vn,) - A
ot’ " la = Pa C M a (D.7)

=1,

A and %—f have to be simultaneously solved with (6) and (7) by iteration. The predictor-
corrector method are used to solve the particle Hamiltonian equations of motion.

This model is suitable for problems with low frequencies (w < Q)

GeFi results and Darwin results from kinetic Alfven waves are consistent.




2.5 3-D current sheet

3-D geometry of Harris current sheet

Sheet normal: z

Anti-parallel magnetic field: B,

z
Guide field: B5in y _~ y
Half-width of current sheet: L _
L P on-.' B§/

current

Validity of GeF1 scheme in thin Harris current sheet:

p; ~ L, 1ons must be treated as fully kinetic particle

pe K L, electrons are still valid for GK approximation

w K ., GeFiis particularly suitable to study current sheet!




Equilibrium in Harris current sheet

Ion distribution function:

T Myo -mi 034wy = V>0l 2Ty Vg, (19)
" (2aT/m;)? ’

2qoL(Ti+T,) . . . Vg AT,
where V;; = —¢ TitTe) s jon drift speed and nype” @i = o (z) = ny sech?(z/L).
Bxo(1+T;/Te)

Electron distribution function in gyro-center coordinates:

- p2 2
— M;no B_rmevde)( mevdede )
F = expl - a1V | (| _ meVae dBs (20)
He.g (27T, /m,)*? xp( B> 2T, /\ T,Q), dz H

VdeBG ) ’ }

B

1
XEKP{ — E |:2P',B + ?”E(U" -

[




Simulation Setup

Current sheet; B = By tanh(z/L)  + B;¥
Density profile: n; = nysech?(z/L) + n,
Boundary condition: 0A=0 and 6¢p =0

Ion-to-electron mass ratio m; /m, = 459~1836.

Grid number N, X N;, X N, = 16 X 16 X 256.

Particle number per cell 1s 100~1000 for both electrons and 1ons.
Time step Q,At = 0.5.

B;/B,, = 0.1~10

Current sheet half-width L = 0.25~ 1.0p;,,

where p;q is ion Lamor radius in the asymptotic region.

Wpe/ Qe = 1~10, o = 0.033~0.16, T, /T; = 0.1~1.

Because a GK model is, for the first time, used to study current sheet system, we
compare every instability from GeFi simulation with the fully kinetic particle
simulations.



4. Electrostatic simulation results

4.1 GeF1 6f model in Electrostatic limit

Electrostatic GK Poisson’s equation:

W5e
(1+55) 7269 = —4m(qim; + qe(Ne))

where n; = [ §f;d>v and (N,) = [ 6F,dv.

Next, show GeF1 results 1in the 2-D out-of-plane plane, with comparison
to FK simulations and GK eigen theory, and 1n the 3-D space.



2-D Electrostatic Simulation Results

my/m=1836,n,=0, L/p;o = 0.23, B¢/B,=0.1, w,,/Q, = 1, T/T=10

GeFi vs. FK:
Lower-hybrid-drift-instability
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3-D Electrostatic LHDI :

Growth-rate in the k -k, space
(m;/m, = 1836)

— K-B=0
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GeFi theory [Tummel et al., 2015] GeFi simulation

* Smaller k,: LHDI peaks at k-B = 0, where k=(k;, k).
* Larger k: (1) two peaks of LHDI; (2) the peaks are away from k-B = 0.



5. Electromagnetic Simulation results
5.1 2-D Results of LHDI (short wavelength)

m,/m =1836, n,=0, L/p;o = 0.23, B;/B,(=0.1, 0,/ Q, = 1, kyp;o=27.2
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2-D Results of tearing mode instability in reconnection plane [Wang et al 2011]
B,/B5=0.075, L/py,=1.5, T/T.=1, k L =0.5, m/m, = 1836.
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3-D EM Kink 1nstability: GeFi1 vs FK
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3-D EM Sausage 1nstability: GeF1 vs FK
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Growth rate contours of
3-D Kink and Sausage Instabilities

A: kink instability
B: sausage instability



EM Nonlinear results of Lower Hybrid Drift Instability:

S— GeFl VS. Fully k [V‘PIC, I?aughton 2004]
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GeFi simulation shows 6/ moving toward the center, consistent with
fully kinetic PIC results!



EM Nonlinear 6 f results of Lower Hybrid Drift Instability:
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The nonlinear simulations show 0 B penetrate into the center region of current sheet



6. Summary

In this talk, the gyrokinetic electron and fully kinetic ion particle
(GeF1) simulation scheme iIs described.

To validate the GeFi scheme and code, the results from Gyrokinetic
electron and Fully kinetic ion (GeFi) code are compared with the
results from the fully kinetic particle codes in cases of kinetic Alfven
waves and lower hybrid waves.

3-D GeFi particle simulation scheme is used to investigate the current
sheet instabilities, under a finite guide field B; and the realistic mass
ratio m;/m..

GeFi simulations have found two new current sheet instabilities ﬂkink
and sausage) In lower-hybrid-frequency range. These new instabilities
are also found in the FK &f particle simulations. In nonlinear stage,
the GeFi results are consistent with the FK results in case of tearing
mode and LHDI.



